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In this research, the preparation and characterization of a novel biocatalyst comprising nano-magnetic cross-
linked enzyme aggregates of naringinase (NM-NGase-CLEAs), which was covalently bounded to lysine-assisted
magnetic nanoparticles, were studied. The Schiff base formed between e-amino groups of the lysine residues
and aldehyde groups of glutaraldehyde was reduced by ascorbic acid. Among the six different precipitants,
tert-butanol performed the best for naringin hydrolysis. The optimal conditions for the immobilization process
required 10 mM glutaraldehyde, 1:10 ratio of lysine/enzyme, and 3 h crosslinking at 3-4 °C. The morphology
of the NM-NGase-CLEAs implied a non-uniform, semi-pyramid and semi-cubic rods. The dynamic light scattering
(DLS) results showed that the nanomagnetite particle size was around 81.9-96.5 nm, with a polydispersity index
(PDI) 0f 0.238. After NM-NGase-CLEAS formation, the particle size was reduced to around 13.2-15.3 nm, with PDI
of 0.177, respectively. Moreover, the Z-potential of —28 mV also confirms the improvement of CLEAs stability.
The NM-NGase-CLEAs kept 73% of its original activity after 10 cycles, which proposes strong operational stability.
In conclusion, the NM-NGase-CLEAs are thermo-stable, reusable, and efficient nanobiocatalyst for debittering of
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citrus juices.
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1. Introduction

Naringinase is a hydrolytic multienzyme complex, which consists
of a-L.-rhamnosidase (EC 3.2.1.40) and B-p-glucosidase (EC 3.2.1.21)
activities. Alpha-rhamnosidase catalyzes the hydrolysis of naringin
(naringenin 7-rhamnoglucoside) into rhamnose and prunin (4,5,7-tri-
hydroxy flavanone-7-glucoside); the prunin is altered to naringenin
(4,5,7-trihydroxy flavanone) and glucose by the 3-p-glucosidase activ-
ity at the same time [1,2]. This enzyme activity attracts growing biotech-
nological interest, owing to its role in debittering of citrus fruit juices [1].
Naringinase also finds applications in the fabrication of glycopeptide an-
tibiotics, deglycosylation of flavonoids, and gellan depolymerisation [2].
In addition, its hydrolysis products (rhamnose, prunin and naringenin)
display biological activities and can be employed as starting materials
for the synthesis of substances used in pharmaceutics, food technology,
and cosmetics [3]. In the food processing industry, the rhamnosidases
have been employed primarily for debittering of citrus juices. The
presence of bitterness is a major restriction in the commercial accep-
tance of juices [4]. Both free and immobilized o-L.-rhamnosidases from
various microorganisms have been explored for naringin hydrolysis.
Immobilized enzymes are preferred over free enzymes in large-scale

* Corresponding author.
E-mail address: htoraby@alumni.ut.ac.ir (H. Torabizadeh).

https://doi.org/10.1016/j.ijbiomac.2018.05.162
0141-8130/© 2018 Elsevier B.V. All rights reserved.

applications, due to improved enzyme stability and reusability; further-
more, loss of enzyme activity during the immobilization and reaction
process, large mass transfer resistance between the enzyme and sub-
strates, and the inconvenience of selecting the proper immobilization
technique are the drawbacks of their use [5]. Recently, several studies
have been performed on the progress of immobilization techniques
and materials [6]. Jiang et al. immobilized successfully horseradish per-
oxidase and a-amylase by cross-linked enzyme aggregates (CLEAS)
method onto an inverse opal [7]. Gao et al. immobilized lipase by mono-
disperse core-shell magnetic organosilica nanoflowers [8]. Jiang et al.
prepared CLEAs of lipase in three-dimensionally ordered macroporous
silica materials [9] also, Cruz-Izquierdo et al. immobilized lipase by mag-
netic CLEAs method [10]. Moreover, Cui et al. prepared immobilized
phenylalanine ammonia lyase via mesoporous CLEAs-silica composite
microparticles for enhancing of enzyme activity and stability [11], as
well as, cutinase was immobilized on amino-functionalized magnetic
supports by CLEAs method for its use in bio-degradation of
polycaprolactone by Singh [12]. Samoylova et al. fabricated esterase
CLEAs for application in malathion removal from municipal wastewater
[13]. Martinez-Moifiino et al. prepared nicotinic acid mononucleotide
deamidase CLEAs to obtain highly valuable NAD*-boosters [14]. Many
strategies have been recently employed to immobilize naringinase.
Nanotechnology is at an innovative stage of knowledge and technical
development, with possible applications in numerous spheres such as
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electronics, mechanics, metallurgical engineering, and chemistry.
Nanometer-sized particles (NPs) have rapidly and broadly progressed
[15]. Iron oxide nanoparticles have attracted much interest for biomed-
ical applications, owing to their outstanding characteristics comprising
superparamagnetism and low toxicity. In particular, solutions of
maghemite (y-Fe,03) or magnetite (Fe;04) particles in the diameter
of 7.5-100 nm have displayed promise as magnetic fluids for targeted
drug delivery. Their potential applications cover several fields especially
in biomedical applications [16,17]. For in vivo applications, the magnetic
nanoparticles (MNPs) can be coated with a biocompatible and diamag-
netic material (such as organic polymers or silica shells) to inhibit the
formation of large aggregates of MNPs and to facilitate functions such
as drugs attachment [1,18]. The binding efficiency of enzyme was im-
proved by high specific surface of MNPs, while the selective recovery
of the biocatalyst using a magnet was permitted by the support of its
superparamagnetic behavior [19,20]. The formation of CLEAs of
naringinase with glutaraldehyde is a simple technique, which does not
need to employ highly pure enzymes [10,21]. CLEAs have appeared as
a biocatalyst design for immobilization in an interesting way. Moreover,
since aggregation can be employed in enzyme purification and CLEAs
fabrication, this method may integrate in a single or multiple operation
consisting of enzyme purification and immobilization. This new gener-
ation of biocatalysts, CLEAs, in addition to illustrating good mechanical
stability, can be highly active, since they do not comprise large amounts
of foreign particulate non-enzymatic material and may have improved
stability. They have a broad scope and afford robust, recyclable catalysts
that illustrate high activity retention, improved thermal stability, better
tolerance to organic solvents, and increased resistance to
autoproteolysis owing to the rigidification of the enzyme tertiary struc-
ture [22-25]. The CLEAs technique presents many advantages in numer-
ous applications, as it is simple and amenable to rapid optimization,
leading to low costs and short time-to-market processes [26]. In this
study, a new method for the preparation of NM-CLEAs of naringinase
has been developed. This method comprises the nano cross-linking of
free naringinase in a solvent and the bonding of nano-CLEAs to
aminated MNPs (lysine-assisted Fe304) by glutaraldehyde [27] and
the reduction of the Schiff base formed between g-amino groups of the
lysine residues and aldehyde groups of glutaraldehyde by safe and effi-
cacious reducing agents such as ascorbic acid (vitamin c) [28]. The
resulting NM-CLEAs fulfill the main benefits of magnetic biocatalysts
and CLEAs, as they illustrate improved thermal and storage stabilities,
and can be reused after their recovery from the reaction mixture with
a magnet [29]. In this research, the problems encountered with using
the CLEAs such as mass transfer reduction, loss of ultra-fine aggregated
enzymes during recovering of CLEAs from the reaction medium [30],
washing and reusing, have been resolved.

2. Experimental
2.1. Materials

Viscozyme L produced from a selected strain of Aspergillus aculeatus
was supplied by Novozymes (Bagsvaerd, Denmark). Naringin, glutaral-
dehyde (25% v/v in water), sodium potassium tartrate, 3,5
dinitrosalicylic acid, FeCl,, FeCls, D(+) glucose, L-lysine
monohydrochloride (>99%), and ascorbic acid were purchased from
Merck. Bovine serum albumin (BSA) was obtained from Fluka company.
Coomassie brilliant blue (G-250) was purchased from GE Healthcare
(Uppsala, Sweden). All other chemicals were supplied by Merck (Darm-
stadt, Germany).

The surface analysis was done using a Tescan Mira Il FE-SEM (USA)
at a voltage of 20.0 kV, after coating the samples with a thin layer of
gold by magnetron sputtering. Perkin Elmer Lambda 25UV/VIS spectro-
photometer (USA) was employed for absorbance intensity in cells with
1 cm path length against the blank. The infrared spectra of all formula-
tions were obtained using Fourier transform infrared spectroscopy

(FTIR-8300, Shimadzu, Japan). The DLS technique was broadly
employed for sizing the nanomagnetite and naringinase nano-
magnetic nano CLEAs in the liquid phase, applying a BI-200 SM Goniom-
eter Version 2 (Brookhaven Instrument Corp., Holtsville, NY, USA). The
light scattered by the nanoparticles was detected at 173" in dynamic
laser scattering. Besides, the zeta potential was determined by the DLS
method and was employed to estimate the nanoparticle stability against
aggregation. All values were expressed as mean = standard deviation of
the three replicate experiments.

2.2. Methods

2.2.1. Synthesis of magnetic nanoparticles

Nanomagnetite was fabricated by co-precipitation of iron salts in
NaOH environment [31]. The co-precipitation method is the simplest
chemical process and the most economical, efficient approach to ac-
quire Fe304 nanoparticles. The MNPs were supplied by mixing FeCls
and FeCl, in 2:1 M ratio. The aqueous solutions of Fe?™ and Fe>* were
made in distilled water. The solution of NaOH was added dropwise to
the mixture while keeping the pH at the range of 9.0 to 9.5. Black col-
ored particles of iron oxide were precipitated in the solution at room
temperature by strongly stirring with a mechanical stirrer in alkaline
medium. Moreover, an N2 gas stream was constantly bubbled through
all solutions during the process. The particles were isolated by high-
speed centrifugalization at 11357 xg for 20 min, washed with distilled
water for 3 times. Lastly, the attained particles were dispersed in the dis-
tilled water by an ultrasonic bath [32,33]. The FE-SEM analysis was ac-
complished by EDX evaluation of the supplied MNPs.

2.2.2. Functionalization of magnetic nanoparticles by lysine addition

MNPs have a large surface area/volume ratio, which leads to particle
aggregation; consequently, the surface energy decreases owing to
strong magnetic attractions between particles, inhibiting particle dis-
persion in aqueous solutions. Some effective protection techniques
such as coating were employed to overcome this limitation. Various ma-
terials have been involved in this process, such as polylysine, BSA, 3-
aminepropyltrimethoxysilane (APTMS), 3-aminopropyl triethoxysilane
(APTES) a toxic compound with health hazards [34]. In this research, ly-
sine with reactive €-NH2 groups was applied for coating the MNPs
[35,36]. The appropriate amount of lysine was dissolved in 50 ml
100 mM sodium acetate buffers (pH 5.0); then, the water-based Fe304
MNP equal to the amount of lysine was injected to the lysine solution.
After that, fast mechanical stirring was carried out for lysine binding di-
rectly onto Fe30,4 nanoparticles at room temperature. Then 24 h later,
the Fe304@lysine nanoparticles acquired were separated centrifugally
at 11357 xg and washed with distilled water to eliminate the unreacted
lysine as much as possible. Interaction between Fe;0,4 and lysine should
be carried out in reactive forms in aqueous solution. It is specified that,
the zeta potential of Fe;0,4 at pH of approximately 7.5-7.7 is around zero
(isoelectric point) and the particles are aggregated [37,38]. Below this
isoelectric point, the surface of MNPs is positively (=Fe-OH3 ) and
above isoelectric point is negatively (=Fe-0") charged respectively.
In L-lysine structure there is an a-carboxyl group (-COO™), an «-
amino group (NH3), and a side-chain amino group (NH3 ). Depends
on pH of the solution, the charged state of these groups is altered. The
dissociation constants (pK,) of the acidic carboxyl group and the basic
amino groups are 2.2, 9.1 and 10.8, respectively [37,38].

Based on data reported by Viota et al. and Antal et al., the maximum
adsorption of L-lysine onto magnetic nanoparticles are achieved when
the pH of the solution is between 3 and 5 [37,38]. Since, our research
is operated in 100 mM sodium acetate buffer pH 5.0, it is expected
that, bonding between lysine and Fes0, is formed through negatively
charged a-carboxyl group (-COO™) of lysine and positively charged
(=Fe-OH3 ) of nanomagnetite. In this way, the presence of free NH3
groups on the surface of MNPs are conserved for conjugation with
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naringinase CLEAs by reaction between glutaraldehyde (cross-linker)
and accessible surface lysine amino groups of the enzyme.

2.2.3. Preparation of naringinase aggregates in precipitant agents

The aggregation was acquired by adding 100 L enzyme solution and
different concentrations (0.3-15 mg) of BSA and/or lysine to 900 pL of
the precipitant (isopropanol, acetone, tert-butanol, acetonitrile, ethanol,
and saturated ammonium sulfate). The naringinase aggregate suspen-
sion was completely shaken and preserved in ice for 20 min. Thereafter,
the aggregated enzyme was separated from the solvents by 11,357 xg
centrifugation, and the enzyme activity assay was carried out by the
DNS method.

2.2.4. Preparation of naringinase CLEAs

Cross-linking was carried out by the addition of a definite glutaralde-
hyde (25% v/v) amount after the precipitation step. Then, it was held at
2-4 °Cfor 4-12 h (overnight incubation). Afterwards, the CLEAs formed
were separated from the supernatant, by centrifuging at 11357 xg for
10 min, so the extra residual glutaraldehyde and solvents were elimi-
nated. The supplied CLEAs were re-suspended in 2 mL 50 mM phos-
phate buffer (pH 7), then was separated by centrifuge and washed 3
times. Finally, the enzyme activity was measured.

2.2.5. Preparation of nano-magnetic CLEAs of naringinase

In order to obtain NM-NGase-CLEAs, MNPs@lysine was added to the
enzyme/lysine at 1.7 folds of enzyme protein in the presence of precip-
itating agents (tert-butanol) in a final volume of 2 ml at room tempera-
ture, together with the addition of 1-100 mMol glutaraldehyde.
Consequently, ultrasonic bath (200 Hz) was applied for directly binding
naringinase CLEAs onto MNPs for 10 min at room temperature, then
kept it at 2-4 °C for 1-24 h. Afterwards, NM-NGase-CLEAs were sepa-
rated from the supernatant by centrifuging and washing with phos-
phate buffer (pH 7) 3 times. For creating strong and unbroken
covalent bonds, reduction of the imine bonds (C=N) of the Schiff
bases formed between the glutaraldehyde (OHC(CH,)3CHO) carbonyl
groups and protein (nucleophile) amino groups such as lysine residue
is necessary. The rate of imine formation depends appreciably on the
pH of the medium, with a maximum at low acidity (such as our research
that was carried out in sodium acetate buffer at pH 5.5). In this research,
ascorbic acid (1 mM in 50 mM phosphate buffer; pH 7.0) was used for
the Schiff base reduction. For this purpose, 1000 pl of 1 mM ascorbic
acid was added to the prepared NM-NGase-CLEAS, and the mixture
was kept in the dark for 30 min at 25 °C. Excess ascorbate was then re-
moved by adding phosphate buffer (pH 7.0) and centrifuging at 11357
xg respectively.

2.2.6. Optimum glutaraldehyde concentration

Glutaraldehyde is one of the most broadly employed reagents in the
biocatalysts design. The amino groups of lysine residues on the
enzyme's external surface involve in cross-linking [39,40]. Cross-linker
concentration also had a significant influence on the CLEAs activity. In
this case, the enzymes show a lower catalytic performance (also caused
by real effects on the enzyme structure) [41]. At this step, different con-
centrations of glutaraldehyde (1-100 mM) were employed using tert-
butanol as a precipitant for CLEAs preparation under storage conditions
for 4 h or 12 h, determining the optimum glutaraldehyde concentration
required for stable cross-linking of naringinase.

2.2.7. Optimum holding time for CLEAs formation

The effect of holding time on the activity of the produced NM-
NGase-CLEAs for optimization of the cross-linking step was performed.
To determine the optimal holding time required to attain stable and
firm NM-CLEAs of naringinase, the enzyme activity was measured
after subjecting the enzyme to cross-linking for numerous time inter-
vals between 1 and 24 h at 2-4 °C respectively.

2.2.8. Accessible surface area estimation of rhamnosidase and glucosidase

The crystal structure of a-L.-rhamnosidase (EC 3.2.1.40) from Bacillus
sp. (strain GL1) and B-p-glucosidase (EC 3.2.1.21) from Aspergillus
aculeatus are resolved at a resolution of 1.9 and 1.8 A in the monoclinic
forms and have been placed in the Protein Data Bank (PDB) [42,43]. For
designing of accessible surface lysine residues of naringinase that are
composed of these two enzymes, by using crystallography data, the
pdb format files of ai-L-rhamnosidase B (20KX) - which has a 67.3%
similarity with a-L-rhamnosidase A from Aspergillus aculeatus by
LALIGN program, for finding multiple matching subsegments in two se-
quences located in the Expasy website — and 3-p-glucosidase (4IIB)
using the GETAREA bioinformatics program for calculation of Solvent
Accessible Surface Areas (with radius of the water probe 1.4 A) of
each enzyme was determined. The results are revealed in Table 1.

The GETAREA results indicated that 3 out of 14 (in «-L-
rhamnosidase) and 10 out of 31 (in B-p-glucosidase) lysine residues
were accessible. This information indicated that accessible surface ly-
sine residues may be insufficient in naringinase structure for NM-
NGase-CLEAs fabrication and Schiff base formation by glutaraldehyde.
Thus, these data led us to the addition of lysine and/or BSA as an additive
for nanomagnetic functionalization and naringinase enrichment for
preparing stable CLEAs.

2.2.9. Enzyme activity and protein assay

Naringinase was estimated for its activity by measuring the amount
of glucose released from the two-step hydrolysis of naringin to prunin
and rhamnose by a-L-rhamnosidase and to naringenin and glucose by
p-glucosidase. The glucose concentration as a reducing sugar was deter-
mined using the dinitrosalicylic acid (DNS) microassay at 575 nm (using
a Perkin Elmer, Lambda 25 UV/VIS spectrophotometer in cells with 1 cm
path length). The absorbance was estimated via the standard calibration
curve of glucose. All experiments were repeated at least 3 times to en-
sure reproducibility. One unit of naringinase activity corresponds to
the amount of liberated glucose as a reducing sugar per minute under
standard assay conditions [44-46].

Activity = pmol glucose/ min (1)

The protein content was assayed using Bradford microassay, from
Bio-Rad protein procedure, at 595 nm (Perkin Elmer, Lambda 25 UV/
VIS spectrophotometer), using a BSA calibration curve.

Protein content = (Abs/f) « 10Df (2)

2.2.10. Optimum pH and temperature of free and immobilized enzyme
The optimum pH of free and immobilized naringinase was measured
by incubating the reaction mixture under the various pH ranges (3-8)
employing different buffers (pH 3-5, 0.1 M acetate buffer; pH 6-8, phos-
phate buffer) at optimum temperature [44,47]. The amount of enzyme
activity was expressed as micromoles per minute for each pH value.
The effect of temperature on the activity of the free and immobilized en-
zyme was evaluated by incubating naringinase in the buffer solution
(pH 5.5) without substrate at different temperatures ranging from 40
to 80 °C for 90 min, and then the enzyme activity was measured by

Table 1
Accessible surface lysine residues in naringinase molecule.
Enzyme PDB Total amino ~ Mass Total Accessible
code acids (Da) lysine  surface lysine
a-L-rhamnosidase  20KX 956 106,055 14 3
{3-p-glucosidase 411B 860 93,053 31 10
Total - 1816 199,108 45 13

Accessible Surface Area of a-L-rhamnosidase and [3-p-glucosidase were estimated by
GETAREA bioinformatics program for calculation of Solvent Accessible Surface Areas,
with radius of the water probe 1.4 A.
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the DNS method as mentioned earlier. Enzyme activity was represented
in umol-min~" at each defined temperature.

3. Results and discussion
3.1. Determination of enzyme activity and protein content

The results of this work show that optimal activity of free
naringinase results after 1 min of reaction at the temperature 55 °C.
However, in the case of the immobilized enzyme, this time is not
changed (Fig. 1). The activity of free naringinase was 107.76 U/mg
that was decreased after immobilization to 93.23 U/mg (about 13.5%).
As seen from Fig. 1, although immobilized enzyme activity is reduced
after immobilization, the permanence of enzyme activity increases,
and it becomes more active in longer time compared to the free enzyme.
The protein assay of free and immobilized enzyme were 0.133 and
0.126 (mg ml 1), respectively.

3.2. Morphology of MNPs, CLEAs, and NM-NGase-CLEAS

The morphology and size of the obtained MNPs were studied using
FE-SEM (Fig. 2). As shown in Fig. 2, the characteristics of the produced
MNPs, NGase-CLEAs, and NM-NGase-CLEAs indicated that
nanomagnetites were observed to have semi-spherical and spherical
morphology and uniformly distributed in the acquired water-based
MNPs with a mean diameter of about 50-60 nm (Fig. 2A). CLEAs that
were formed from enzyme aggregates are composed of two enzymes
(a-L-rhamnosidase and p-p-glucosidase) and have two different shapes
and sizes, contain larger cubic particles and semi-cubic rods together
with smaller spherical and semi-spherical particles with various particle
sizes between 0.5-20 pm respectively (Fig. 2B, C, D). Probably, these two
different shapes and sizes are attributed to the differences in mass and
conformation of these two enzymes [a-L-rhamnosidase with 956
amino acids and 106,055 mass (Da) and 3-p-glucosidase with 860
amino acids and 93,053 mass (Da)].

NM-NGase-CLEAs revealed a morphology of non-uniform, semi-
pyramid and semi-cubic rods, with a mean diameter of about
10-100 nm (Fig. 2E, F).

The presence of the MNPs and NM-NGase-CLEAs (immobilized en-
zyme on Fe30,4) was confirmed by exploiting EDX, which determined
the elemental composition of these particles (see Table 2).

As Table 2 shows, the maximum amount of iron and oxygen ele-
ments are available in Fe304, non-magnetic CLEAs have a higher carbon
and nitrogen content, NM-Ngase-CLEAs have a higher iron content

1.6
14
1.2

1
0.8

0.6

Activity (umol.min"")

0.4 4

40 4

b
w
=)
wnh
o
=N
=)

0 5 10 15 20 25 30 3

W

Time (min)
i Journal of Bi i
Homa Torabizadeh, Mohaddeseh Mikani

Fig. 1. Enzyme activity profile of free and immobilized naringinase. Free enzyme (@®),
immobilized enzyme (O).

compared to the non-NM-CLEAs, and it contains more carbon and nitro-
gen elements than Fe304; hence, the existence of the MNPs in the NM-
NGase-CLEAs was confirmed by means of EDX, which determined the
elemental composition of naringinase CLEAS, with and without mag-
netic nanoparticles.

3.3. Particle size, PDI, and zeta-potential of fabricated NM-NGase-CLEAS

The particle size, PDI, and Z-potential of MNPs and NM-NGase-
CLEAs were determined by the DLS method. The resulted data revealed
that the nanomagnetite particle size mostly was around 81.9-96.5 nm
(Fig. 3A) and that after enzyme immobilization and NM-NGase-CLEAS
formation, this particle size was reduced to around 13.2-15.3 nm re-
spectively (Fig. 3B).

The DLS of MNPs and NM-NGase-CLEAs confirmed the FE-SEM
image outcomes, but the particle diameter using the DLS measurement
was a little smaller than the results from the FE-SEM image. This differ-
ence was possibly owing to the shrinkage caused by the cast-drying
process as well as the vacuum environment in the FE-SEM image.
Based on the results obtained from the DLS method, the PDI of Fe304
was equal to 0.238 and the NM-NGase-CLEAs-related PDI was 0.177, re-
spectively. These results implied that after functionalization of Fe304
surface with lysine amino acid and immobilization of naringinase and
formation of NM-NGase-CLEAs, the PDI index reduces, which can be at-
tributed to binding of the magnetite to protein nanoparticles and in-
creasing of hydrophilicity, thereby improving the stability of produced
nanoparticles. Moreover, the Z-potential of —28 mV also confirms this
claim. Since, the DLS test is carried out in a liquid environment, the ac-
tual dispersity of nanoparticles can be estimated more accurately than
the SEM test, which has been tested for dry and lyophilized samples.

3.4. FTIR results

The FTIR analysis of Fe304 and NM-NGase-CLEAs were carried out
from 400 to 4000 cm ™' as revealed in Fig. 4A. As shown in Fig. 4A, the
spectrum of Fe;04 before enzyme immobilization indicated Fe—O
stretching vibration at 600 cm™!, the adsorbed water molecules
stretching at 1621 cm™ ' and an intense OH band around 3400 cm ™.
The OH band corresponded to the stretching vibrations of Fe-OH groups
attached on the Fe30,4 surface and can also be pointed to the remaining
water that was not omitted from the nanomagnetite surface. The NM-
NGase-CLEAs peak at 602 cm ™! indicated Fe—O stretching vibration,
and another peak is at 1047 cm ™!, which is corresponding to the re-
duced Schiff base (C—N) group (1020-1250 cm™!) - which could be at-
tributed to reduction of the Schiff base (-C=N) bond that is formed by
the reaction of NH, end groups with glutaraldehyde by ascorbic acid -
as well as the peak at 1086 cm ™! is attributed to the stretching vibration
mode of C—O group. Other peaks at 1384 cm™!, 1637 cm™ !, and
3418 cm~! were attributed to the stretching vibration mode of CHs,
NH; and/or (=0 amide, N—H and/or alcohol OH bonds, respectively.
The significant peak of enzyme at 1637 cm™! corresponded to the vibra-
tions of the backbone C=0, belonging to the vibration of amide groups
in the FTIR spectrum.

3.5. UV-vis spectra of naringinase, naringin, Fe304, and NM-NGase-CLEAs

The UV analysis of naringinase, naringin, nanomagnetites, lysine
functionalized Fe304, and NM-NGase-CLEAs were performed at
200-600 nm (Fig. 4B and C). Naringinase possessed two main A\myayx in
the UV region: one between 215-225 nm, where the peptide bonds
absorbed, and the second at 260-270 nm (Fig. 4B), due to light absorp-
tion by aromatic amino acids [48,49].

Naringin exhibited one main N\pax in the UV region at 250 nm
(Fig. 4B). Comparison of UV spectra of Fe;04 and lysine-functionalized
Fe304 implied that after nanomagnetite functionalization, one new
peak is formed at 440 nm, which can be attributed to the binding of
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Table 2
EDX for elemental composition of Fe304, CLEAs, NM-NGase-CLEAs.

Elements (W%) Fe304 CLEAs NM-NGase-CLEAs
C 15.98 34.19 35.05

N 12.21 28.60 28.23

(0] 70.84 37.20 36.08

Fe 0.97 0.01 0.64

Total 100 100 100

lysine to magnetic nanoparticles. The results revealed that after enzyme
immobilization and addition of lysine/naringinase ratio equal to 10,
during nanomagnetic CLEAs fabrication, the peptide bonds and aro-
matic amino acids are reinforced, and the protein structure is preserved
during NM-NGase-CLEAs preparation (Fig. 4C).

3.6. Effect of precipitating agents

Protein molecules are able to aggregate as accumulative molecular
structures without disrupting the original protein three-dimensional
structures by exposure to an environment with high ionic strength
(salts), non-ionic polymers, or organic solvents. The precipitation step
extremely affects the activity and stability of fabricated CLEAs. Accord-
ingly, selection of the best precipitant in enzyme aggregation process
is very important and it depends on the nature of the enzyme, the
mode and duration of the precipitation step, and the temperature and
pH used in the aggregation process [26]. In this step, acetone, acetoni-
trile, ethanol, isopropanol, tert-butanol and saturated ammonium sul-
fate solution were applied as precipitants; then, the enzyme activity
assay was carried out for all aggregates prior to cross-linking process.
The results are shown in Fig. 5A. The maximum activity in the precipita-
tion step was displayed by using tert-butanol. In contrast, the lowest ac-
tivity value was related to the naringinase aggregate which was
prepared in saturated ammonium sulfate under the same conditions.
The activity of aggregates in tert-butanol increased 13.97% and 75.4%
compared to the free enzyme and produced aggregates in saturated
ammonium sulphate, respectively. In fact, tert-butanol that is a miscible
polar organic solvent decreases the dielectric constant of water mole-
cules (dielectric constant (€) for water molecules is 78.3 and for tert-
butanol is 12.5) around the enzyme molecules and progressively
displaces water from the protein surface. With smaller hydration layers,
enzyme molecules can aggregate by attractive electrostatic and dipole
forces [50]. The control showed the activity of free enzyme with no ad-
dition of precipitant, at pH 5.5, which corresponds to the conditions
usually employed in hydrolysis reactions. Since tert-butanol provided
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the best overall outcomes, it was chosen as a suitable precipitant for
CLEAs preparation in further experiments.

3.7. Effect of the BSA and lysine concentrations

Since the protein content in naringinase was low (0.133 mg-ml™"),
as well as the accessible surface area determination of naringinase im-
plied that 13 lysine residues out of 45 are accessible for reaction by glu-
taraldehyde, therefore, it may be insufficient that adding BSA (with 118
lysine residues in its structure) for enrichment of the enzyme structure
in aggregation and cross-linking processes was necessary. Moreover,
addition of an amino acid with reactive &-amino groups like lysine dur-
ing enzyme aggregation in CLEAs could overcome this problem. For this
purpose, the effect of BSA and lysine on the activity of the aggregated
naringinase after cross-linking was studied. Subsequent addition of glu-
taraldehyde to this concentrated protein solution in the presence of ad-
equate free amino groups facilitates the production of insoluble and
active CLEA particles through efficient cross-linking. The effect of ly-
sine/enzyme and BSA/enzyme ratios on the activity of CLEAs was eval-
uated. Various lysine and/or BSA/naringinase ratios (2.5, 5, 10, 20, and
40) were prepared during the aggregation process, and the resultant
CLEAs activity was determined as mentioned previously. The results re-
vealed that lysine addition to naringinase in the ratio of 10:1 is more ef-
ficient than BSA because it leads to the maximal activity (1.36 times
greater than BSA/enzyme activity at the same ratio) for prepared
CLEAs compared to the free enzyme (Fig. 5B).

The ratios less than optimal value resulted in unstable CLEASs struc-
ture, thus leaching and losing of the enzyme during the washing process
occurred. In contrast, high ratios than optimal value lead to inhibit the
essential cross-linking of naringinase molecules, caused by competition
between the free amino groups of lysine and those of the naringinase
[51]. Based on these results, a lysine to naringinase ratio equal to 10:1
was employed in all further experiments.

3.8. Effect of glutaraldehyde concentration and holding time

The effect of the cross-linker amount (1-100 mM) on the resultant
CLEAs activity was studied for the cross-linking step optimization. The
results shown in Fig. 5C. The highest enzyme activity of CLEAs was ob-
served when a 10 mM glutaraldehyde concentration was applied. As a
result, the concentration of glutaraldehyde is significant in the process
and can influence the CLEAs performance.

Poor strength of cross-linked NM-naringinase may occur when low
concentration of glutaric dialdehyde (<10 mM) was used. The CLEAs ac-
tivity was lower based on insufficient cross-linking, which lead to
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Fig. 3. Particle size distribution of magnetic nanoparticles and NM-NGase-CLEAs by DLS methods. (A) magnetic nanoparticles, (B) NM-NGase-CLEAs.
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unstable aggregation. In the same way, at high glutaraldehyde concen-
trations (>10 mM), excessive cross-linking restrains the enzyme's flex-
ibility and reduces mass transfer, leading to a decrease in enzyme
activity.

The results of the CLEAs holding time (1-24 h) implied that maxi-
mum enzyme activity achieved after 4 h, holding CLEAs at 2-4 °C. The
enzyme activity significantly improved by increasing the holding time
until 4 h, even though cross-linking for longer time periods, >3 h, re-
vealed lower enzyme activity (Fig. 5D).

3.9. Temperature and pH effects

The effect of pH on both free naringinase and CLEAs activities was
determined in the pH ranges of 5-9 for 90 min at 50 °C respectively.

The pH optimum of free and immobilized enzymes for naringin hydro-
lysis was found to be 5.5. Therefore, based on the resulted data, there
were no significant changes in the pH optimum of the enzyme after
NM-NGase-CLEAs preparation (Fig. 6A).

The effect of temperature on the activity of free and immobilized
naringinase was also determined. The samples were exposed to
different temperatures ranging from 40 to 80 °C, at a pH of 5.5 for
90 min. The results implied that the temperature optimum of
immobilized enzyme is shifted upward by 10 °C since the NM-
NGase-CLEAs reached their maximum activity at 60 °C, while the
maximum activity of free naringinase was obtained at 50 °C
(Fig. 6B). This demonstrates that the immobilization significantly
raised the stability of naringinase at higher temperatures. As
shown in Fig. 6B, the immobilized naringinase displayed a
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considerable increment in thermostability as compared with its free
one [52]. This increment in optimum temperature and thermal sta-
bility of NM-NGase-CLEAs could be due to the formation of covalent
bonds during cross-linking process and limitation in free movement
of enzyme molecules - as a result, preservation of amino acids at the
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active site of the enzyme. This feature will lead the NM-CLEAs to in-
crease thermostability of the naringinase within a wider tempera-
ture range that will have a decisive role in industrial applications
[53] of this enzyme, such as debittering of citrus juices as well as pre-
vention of microbial growth [54-56].
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Fig. 7. Effect of the enzyme reuses on the activity of NM-NGase-CLEAs during naringin
hydrolysis at pH 5.5 and 60 °C for 90 min. Each treatment was performed in triplicate.

3.10. Reusability of NM-CLEAs

Enzyme immobilization supplies an interesting opportunity for mul-
tiple use of the same biocatalyst. The main purpose for the synthesis of
NM-CLEAs is to finally design suitable reusable immobilized enzymes
that can be easily eliminated from the reaction medium during down-
stream processing, with maximum recovery of enzymatic activity for re-
ducing production costs of the industrial processes. To this end, the
efficiency of reusing naringinase NM-CLEAs was estimated up to
13 cycles (Fig. 7). The activity of naringinase NM-CLEAs kept 73% of its
original activity after 10 cycles, which proposes strong operational
stability.

4. Conclusions

Nanomagnetic cross-linked enzyme aggregates of naringinase from
Aspergillus aculeatus was fabricated as a new efficient nanobiocatalyst
for naringin hydrolysis. The main features of NM-NGase-CLEAs are:
mean particle size = 13.2-15.3 nm, PDI = 0.177, Z-potential =
—28 mV, high thermostability over a wide range of pH and tempera-
ture. Moreover, NM-CLEAs of naringinase have remarkable high reus-
ability over 10 cycles of hydrolysis. Adding ascorbic acid to the NM-
Ngase-CLEAs for Schiff base reduction of formed bonds enhanced its
strength. That's why the NM-NGase-CLEAs could be introduced as an ef-
fective nanobiocatalyst for industrial applications such as the
debittering process of citrus juices.
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